Abstract Modelling approaches for relating discharge to the biology of Atlantic salmon, Salmo salar L., and brown trout, Salmo trutta L., growing in rivers are reviewed. Process-based and empirical models are set within a common framework of input of water flow and output of characteristics of fish, such as growth and survival, which relate directly to population dynamics. A continuum is envisaged incorporating various contributions of process and empirical structure as practical and appropriate to specific goals. This framework is compared with, and shown to differ from, approaches whose output is in the form of quantity and form of habitat (or usable area) based on its frequency of use by fish, which then is assumed to have some relationship with fish performance. A simple conceptual modelling approach is also developed to relate water flow to fish population characteristics to assess the likelihood of simple relationships between flow and usable area thresholds. Basic predictions of the model are tested against empirical data from a long-term individual-based study of juvenile S. salar and resident brook trout, Salvelinus fontinalis (Mitchell), in West Brook, Massachusetts. For this system, growth rates of both species increased linearly with flow during spring, summer and autumn months and bore no relation to Q 95 or wetted-width discontinuities. Winter is identified as a season during which water might be abstracted most safely, but cautiously given sparse knowledge of wild salmonid fish at this time of year. These results, together with the fundamental conceptual problems inherent in usable area-based approaches, suggest that models that relate directly to fish performance outcomes may be more robust as a basis for flow prescriptions. However, this utility will depend strongly on our ability to generalise from a limited set of empirical studies and to use the results of these studies of management actions to inform and improve future models.
Introduction
Water resources are required for human needs, such as agricultural irrigation, for drinking and generation of hydropower. The question that then arises is how such modifications to the water resource can be balanced against impacts on the ecosystem or used to enhance habitats. It is crucial for managers of salmon, Salmo salar L., and trout, Salmo trutta L., to provide clear guidelines regarding discharge requirements for the fish, so that these needs can be taken into account.
There are two principle approaches that might by used to relate variation in habitat for fry and parr stages to fish populations: process-based models (e.g. Thorpe et al. 2004 ) and empirical models (e.g. Milner et al. 1998) . Empirical models record population parameters, such as density and individual fish size, across a range of broad-scale inputs, such as variation in discharge. Process-based models seek to relate these inputs and outputs by the way of an understanding of the physical and biological functions of the system, with population-level consequences emerging from effects on these processes. A recent consideration of processes relating local habitat quality for S. salar and S. trutta to river discharge (Armstrong 2010 ) suggested a need for developing empirical and process-based models in tandem. Here this analysis is extended by considering how these two forms of models relate to one another for practical analyses of effects of discharge on salmonid populations.
At the same time, an alternative modelling approach involves relating changes in river flow to a measure of habitat area, with the assumption that this in turn will relate to fish performance (growth, survival and production). While this approach has been criticised on a number of different grounds (e.g. Gore & Nestler 1988) , its tractability has led to wide adoption by management agencies (Acreman et al. 2008) . There is a real need, therefore, given the pace at which implementation of policies regarding flow prescriptions is being undertaken, to review the logical structure of this approach and to compare explicitly predictions between habitat use-based and fish performance-based models.
In particular, an important contemporary issuethe relevance of Q 95 and its relation to wetted stream width as a threshold in regulatory systems -is explored. Q 95 represents the level of flow that is exceeded for 95% of the year. This level is adopted by the Environment Agency in England and Wales and by the Scottish Environment Protection Agency as a threshold below which special caution is adopted in abstracting water. Although the level may be applied for protection of the whole river community, the question arises as to how well it protects populations of S. salar and S. trutta.
Population response model structures
The basic features of the two main modelling approaches as categorised here are summarised in Fig. 1 . Regardless of the form of the model, it seems logical that the input parameter must be river discharge or some correlate of river discharge. Similarly, the model output must be of a form that can be related to the strength of salmonid population and/or the availability of fish to the fishery of interest. However, although full process-based and empirical models can have a common input and output, the intervening structure is quite different. A fully parameterised process model includes a sequence of mathematical functions describing changes in physical, thermal, biological habitats and responses of the subject species. All these details can be accommodated in an empirical model by a black box, representing ignorance.
Empirical models
The range of empirical observations relating discharge to S. salar and S. trutta populations is presented by Nislow and Armstrong (2012) . A good example of the value of the approach is the correlation of S. trutta population parameters in Spanish Cantabrian rivers with seasonal variations in discharge (Lob on-Cervia2 009). In this case, evidence suggested that discharge acted particularly on the early fry stage of the life cycle and hence provided a target for priority management action.
Process-based models
In principle, the physical habitat structure, fish energetics and community dynamics, in terms of variations in prey, predators, and competitors, can be integrated into the growth and mortality risk of each individual fish (Fig. 2a,b) . In turn, the combination of growth and mortality risk determines the fitness of the fish in the sense of the chances of its genes being propagated in future generations (Fig. 2c) (Railsback & Harvey 2002; Finstad et al. 2010) . The combination of survivors at given times (for example, at smolt emigration) constitute the population-level terms, density, size distribution and variation in life-history strategy that relate directly to fisheries level quantities, such as catch rate.
Within this framework, it is possible to quantify, at least in concept, the values of patches of habitat in terms of the growth opportunities they present and, by integrating survival opportunities, the fitness (Fig. 3) . The conceptual terms required for derivation of growth are well established using energy budget models, whereas it is more difficult to estimate local mortality risk. Nevertheless, rules of thumb or tests in which fish can choose among habitat options can provide some insights into mortality risk (Armstrong 2010) . Variation in discharge influences basic local parameters that drive energy budgets, such as flow rate, food delivery and temperature. Such factors can be incorporated within the model structure using, for example, classic understanding (Brett & Glass 1973; Brett & Groves 1979) of salmonid energetics, with adjustments for individual species and life stage. Ideally, fitness-based models would include variations with habitat in the interactions among predators and competitors and would relate standing stocks of fish to carrying capacity at size (Nislow & Armstrong 2012) . Obviously, the time course of change in flows is important, because temporary depletion of water may be tolerated by fish, whereas longer-term depletion may not.
The process-based approach has probably been most completely applied by Railsback and Harvey (2002) for populations of rainbow trout, Oncorhynchus mykiss (Walbaum), in the Pacific western US. The practical application of process-based models for S. salar and S. trutta has been constrained to only components of the overall system relating river discharge to ultimate fisheries catch. Nislow et al. (1999) modelled food intake as a function of water flow and used the relationship to predict distribution and growth of juvenile S. salar (Nislow et al. 2000 (Nislow et al. , 2004 . Bioenergetics models have been applied to explain distributions of fish (Fausch 1984; Guensch et al. 2001; Booker et al. 2004 ) to predict energy balance (Rinco´n & Lobo´n-Cervia´1993; Hayes et al. 2000) and to contrast niche breadths of S. salar and S. trutta (Armstrong 2010 ).
There are two distinctly different ways to apply fitnessbased models. First, by using a space-based approach, quantifying the local fitness value of the landscape (Fig. 2) , the overall change in value of a river reach might be plotted against discharge by integration. This approach requires no information specifically on the fish within the reach. Secondly, using a fish-based approach, a fitness value can be ascribed to the locations that are used by each fish across a range of discharges.
The process-empirical continuum of population models
In practice, it is inconceivable that the vast complexity of the habitat occupied by S. salar and S. trutta 
MODELS RELATING FISH POPULATIONS TO WATER FLOW 529
Ó 2012 Crown copyright. could be fully parameterised in the near future, if ever. Instead, much of the process detail must be approximation, assumption, black box or empirical extrapolation. Even if was it possible to describe fully the size distribution and numbers of S. salar smolts by process-based models, an extrapolation to fisheries catches would at present require resorting to empirical relationships between numbers of smolts and returning adults (Jonsson et al. 1998) . Hence, there is a continuum of model structures relating discharge and key processes to salmonid populations and fisheries, with greater or lesser empirical and process components.
Alternative structures
Hitherto, models that have common inputs and outputs relating to fish population parameters as a logically robust structure have been considered. However, this classification omits a widely applied group of models, typified by PHABSIM (Bovee 1986) , that have frequency of habitat use by fish as an input, and a parameter termed weighted usable area (WUA) as an output. This approach incorporates elements of empirical observations and assumption about behavioural processes of fish. Henceforth, references to PHABSIM will apply to models with similar structures.
Preference-based process-empirical hybrid models PHABSIM comprises physical and biological components. The physical component relates local river-bed landscapes, in terms of parameters such as georeferenced distributions of velocity, depth and roughness to discharge. This component may be achieved by a range of models of various complexities (e.g. Williams 2010 ). The biological component relies on the observations of habitats used by individual fish, either from the study site or from other areas completely. The idea is that at one discharge, the abundance of each combination of habitat category is expressed as a proportion of total habitat (for example, one combination might be at depth of 20-25 cm, velocity of 35-40 cm s )1 , boulder substrate). The distribution of subject fish is also observed at this discharge; an index is generated which describes how much the relative usage of each combination of categories differs from its relative availability. These data are combined across variation in the values of the categories to generate a so-called preference curve or surface. Similarly, preference curves may be expressed as continuous variables. In some cases, preference curves may be transported from other studies or derived from expert opinion. The preferences are combined with availabilities of category combination and are integrated to provide WUA at the discharge. Hydraulic models then derive the distribution of local velocity, depth and roughness across a range of discharges of interest, and the preference indices are used to predict WUAs at these discharges.
Meaning of WUA
To bring PHABSIM into the scheme of logical model construction (Fig. 2) requires an understanding of how WUA relates to population parameters, such as density, size, growth and mortality. Unfortunately, the relationship between WUA and population parameters is obscure because habitat suitability (more correctly use) does not capture fitness value of habitat types (Rosenfeld 2003) . This is exemplified by Holm et al.'s (2001) demonstration of very large differences in habitat suitability curves of young S. salar at different discharges under controlled conditions resulting in large discrepancies between predicted and measured WUA.
PHABSIM includes three assumptions regarding the biology of fish. First, that local abundance reflects local habitat quality; second, that preference is constant across discharges and third, that fish are free to move in response to change in habitat with discharge. Each of these assumptions may be invalid (Armstrong 2010) . Indeed, a conceptual modelling analysis from first principles (Railsback et al. 2003) suggests that the basic structure of PHABSIM is flawed. Furthermore, the indeterminacy of scale in application of the approach leads to additional serious problems because of the very importance of scale in defining local habitat use. For a given spatial distribution of fish, a particular habitat type or habitat condition can be scored as preferred, neutral preference, or negative preference as a function of the scale at which habitat and fish abundance is measured (Folt et al. 1998 ). An area of particular debate is whether preference curves adequately capture habitat quality when applied to aggressive despotic animals such as salmonids. In these species, dominant individuals can monopolise preferred habitat with subordinate fish adopting a more passive cryptic foraging mode in habitat margins (Ho¨jesjo¨et al. 2005) (Fig. 4) . The higher numbers of subordinate fish will raise the preference scores of habitats that provide lower opportunities for survival and growth compared with habitats with fewer, but dominant and successful fish. In this situation, preference-based approaches will provide incorrect assessments of habitat quality.
In summary, doubts remain as to the value of PHABSIM, particularly regarding robustness of structure and relevance of outputs for broader management and population dynamics modelling frameworks.
Basic conceptual model

The model
Each modelling approach considered here has limitations. Processes cannot be fully quantified, whereas empirical response curves are not readily generalised and transferred to other river systems, and preferencebased approaches lack robust structure. Against this background, a basic conceptual model that provides a simple useful management tool is considered. This is particularly important because management methods have already been constructed that focus on specific flow levels, specifically Q 95 , as a cut-off between levels of protection to fish stocks and as an extension, a nickpoint or discontinuity in the relationship between discharge and wetted area (Booker & Acreman 2007) . Is there a scientific basis for such an approach?
As discussed earlier, the value to the fish in a reach of stream of a given flow can be measured in terms of parameters that are relevant to the population. These include the number and size of spawners, the number and size of smolts, and in some cases, the number and size of intervening life stages. For example, a reach of shallow riffle habitat may be used almost exclusively by fry that then emigrate to deeper areas. There is not necessarily a direct proportional relationship between production of fry or parr and later life stages; it depends on local river habitat structure and population processes (Armstrong & Nislow 2006) . For simplicity, the term 'production' will be used to encapsulate the response of a conceptual population to change in discharge.
It is intuitive that production will tend to zero both at some low level of discharge, because water is needed to sustain life, and also at some high level of discharge, because fish cannot hold station and feed in torrents. Between these limits, production will peak at some level or range of levels of discharge at some critical component of the life cycle. The relationship between flow and production can be expected to vary with the physical structure of the river reach. As a simple example, in a V-shaped channel form, wetted width varies linearly with flow, whereas in the more common U-shaped channel form, wetted width decreases dramatically below a critical flow. Generally, reduction in wetted width results in reduction in the production of salmonid parr. However, there may also be a relationship between fish production and flow even when there is sufficient water to provide a full wetted width because increase in flow results in increase in mean local velocity and depth, which are both important habitat features .
In many cases, there may be a coincidence between the flow at which wetted width starts to decline sharply and Q 95 (Booker & Acreman 2007) , depicted (Fig. 5) as the wetted-width nickpoint. The deficit in fish production that would occur by setting flow minima at the nickpoint is depicted by the difference between the production at this point and at a flow that would approach maximum levels (Fig. 5) . The magnitude of this deficit depends critically on the shape of the flow production curve. For S. salar and S. trutta fry, which can thrive in shallow riffle habitats, it is plausible that production might be sustained at flows right down to the width nickpoint level so that no deficit would occur, although even these life stages may prefer faster deeper water (R. Kaspersson, J. Ho¨jesjo¨& J.D. Armstrong, unpublished) . Other life history stages (such as adult S. trutta) often rely on deep water for shelter, or high microhabitat velocities that translate into high prey flux rates (Nislow et al. 2004) . 
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Production of these fish in U-shaped channel forms would seem most likely to follow the relationship depicted in Fig. 5 , where production potential would be negatively influenced by flow reduction above the wetted-width nickpoint, up to a peak. Small streams are likely to occupy space on the left limb of the curve, such that decrease in flow has a negative impact on production, whereas large rivers occupy space on the right of the curve, such that decrease in flow can have a positive effect on production.
Testing the concept
While this model derived from principles of established ecological mechanisms suggests potential direction and perhaps magnitude of effects, what data can be invoked to test the concept? Long-term studies are a potential source of information as they assess flow regime and fish response at relevant spatial and temporal scales. In a long-term study of S. trutta in a northern Spanish river (Lob on-Cervia´2009), age-0 recruitment and subsequent cohort strength appear to follow the dome-shaped relationship described in Fig. 6 . In this situation, flow could potentially be abstracted during high discharge years in spring without negative effects on populations. However, while no information on flood frequency or habitat area is given, it is not clear how these results can successfully inform flow prescriptions. Further, they pertain only to flows during a short period of time in spring and cannot inform flow management during the rest of the year.
In a long-term study of resident Salvelinus fontinalis and S. salar in West Brook, Massachusetts, seasonspecific flow-performance relationships were developed from individual fish-based data on growth, survival and movement for the entire juvenile life history from age-0 in autumn through to adulthood or smolting (Xu et al. 2010a,b; Davidson et al. 2010 ). Discharge and wetted-width measurements were also made throughout the study, allowing calculation of flow production probabilities and description of the flow-wetted width relationship. Here these data are combined to relate biology of the fish to the river flow characteristics.
As predicted for U-shaped channels, a distinct nickpoint was observed in the flow-wetted width relationship (Fig. 6) . The nickpoint, derived by split regression, was at a flow level substantially greater than the estimated Q 95 (0.05 m 3 s )1 ). Effects of variation in flow were largely manifest in terms of differences in growth rates, which increased strongly and linearly with flow during spring, summer and autumn, and decreased with flow above a peak level (but with a much smaller magnitude of effect) during winter. Using these data, the change in growth potential (which is a major determinant of smolt age and population growth rate in anadromous salmonids, and a determinant of mortality risk and fecundity in resident salmonids; Milner et al. 2003) Figure 5. Conceptual relationship between production of salmonid fish and river flow. The target minimum flow illustrates a point at which a preferred production occurs (usually near maximum) and below which significant loss to production will occur. The flow at which the wetted-width nickpoint occurs (or Q 95 ) is one option that has been favoured as a threshold for complete elimination of abstraction (handsoff flow). The difference between production at these two levels constitutes a deficit in production before full protection is provided. The gradient of the curve enables calculation of the loss because of fractional abstraction of a percentage of flow at any given discharge. Shape of the curve can be expected to vary locally. Results of these analyses have some important implications. First, there is reinforcement that Q 95 does not necessarily equate with a threshold in wetted area but appears to be specific to local conditions. More importantly, however, it appears that substantial loss in growth potential occurs in both S. fontinalis and S. salar at flows well above Q 95 and the wettedwidth nickpoint (Figs 6 and 7) . For example, reduction in minimum and mean flow by one standard deviation from annual mean values reduced the size achieved by the average 1+ S. salar in autumn by 40 and 22% respectively. For size-dependent threshold traits (such as maturation and smolting), these effects will have a profound influence on population dynamics (Xu et al. 2010a,b) . In terms of the conceptual model (Fig. 5) , the flow rates recorded in this stream never extended beyond the ascending limb of the production response curve in spring, summer and autumn. Data for growth during winter fit well with the model, and in this season, production declines when flows exceeded a peak level.
Discussion
Consideration of complex process-based models is an important step in developing practical tools for relating discharge to populations because it forces an appreciation of the range of relevant physical, chemical and biological factors that vary. Here, the need to combine process-based and empirical models rather than viewing them as separate entities for application to management is illustrated. Furthermore, how these two categories of model can sit within the same logical structure is illustrated, and the appropriate input and output parameters as a first step in refining model choice and development is clarified.
It is apparent that no process-based model is likely to capture the full complexities of the systems that Figure 7 . Relationships between growth of salmon and flow in four seasons in West Brook, MA. Graphs are derived from coefficients relating mean stream discharge (over a seasonal sampling interval) to growth rate over the same interval (n = 8-9 intervals) as components of a full empirical model growth parameterised by long term (10 years) of environmental and individual fish data (Davidson et al. 2010) . Temperature has a significant effect only in winter.
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Ó 2012 Crown copyright. affect S. salar and S. trutta . However, application of such models has generally focussed on key processes that need to be understood to provide a meaningful level of predictive power. Railsback and Harvey (2002) applied individual-based modelling to relate local foraging and predation risk to chance of long-term survival. This detailed, but parameter sparse, approach was successful in predicting a range of population-level processes (Railsback & Harvey 2002) . Simple assessment of patch qualities in terms of variation in predicted foraging success with local water flow has had value in defining local habitat quality in natural rivers (Nislow et al. 1999 (Nislow et al. , 2000 (Nislow et al. , 2004 . Furthermore, the very modelling process provides important insights and predictions in relation to variations between S. salar and S. trutta in susceptibility of change in flows, and highlights key parameters that need to be determined, such as change in overall levels of drifting invertebrates with discharge (Armstrong 2010).
A further important advantage of process-based models is their flexibility for incorporating covariates of change in discharge. For example, there is likely to be a broad range of potential changes in thermal regime that accompany variations in discharge, and associated temperature change can be incorporated in bioenergetics models using classic understanding (e.g. Brett & Glass 1973; Brett & Groves 1979) with adjustment for species-specific coefficients.
Empirical models can provide direct quantitative links between discharge and population parameters. Such data are extremely valuable but often very expensive to accrue (Nislow & Armstrong 2012 ). These models can be derived by observation of one (or more) systems over time and then relating annual variations in flow to population parameters. Alternatively, they may capture spatial variation in discharge and populations. Much experience has been gained from relating the biology to spatial variations in habitat; meso-scale models, such as HABSCORE (Milner et al. 1998) , can account for much variation within watersheds. However, such models generally transfer poorly to other regions (Fausch et al. 1988 ). This observation underpins a main constraint that empirical models cannot be used to extrapolate with confidence to circumstances in which conditions are substantially different from those that applied when the initial measurements were made.
Although PHABSIM has not found favour with many biologists, it is one of the most widely applied methods (Acreman et al. 2008) . The physical description of variation in habitat with discharge, as developed in a component of PHABSIM, draws on the physical laws governing the interactions between flow, sediment and channel form, and appears logically robust. While these physical models are constrained by capacity to predict local responses to variation in discharge with sufficient accuracy, technical advances (such as 2-D hydraulic models; LeCler et al. 1994) have resulted in improvements and measurement efficiencies. Coupling the physical component of PHABSIM with estimates of habitat quality that are derived from fitness functions rather than fish distributions may have great value.
Incorporating mechanisms, empirical models and management experiments in setting flow policy for salmonid rivers A wide range of studies, over a wide range of environmental contexts, provide information on flow-performance relationships, but with a considerable intrinsic level of uncertainty for any given application. Management will invariably be forced to act under this uncertainty. In an ideal world, the outcomes of management actions will in turn inform research and generate an adaptive management process. It has been argued (Walters 1997 ) that these management experiments, because they are conducted at appropriate scales, may have greater value than traditional small-scale observational or experimental studies.
As an example of how this process might work, if the evidence provided by the range of mechanistic and empirical studies is considered in a general life-history context (Nislow & Armstrong 2011 ), a general case could be made that abstraction and storage of winter flows may be generally less detrimental to salmonid performance than would similar levels of abstraction in other seasons. An advantage of this recommendation is that, at least in parts of northern Europe and the north-eastern US, stream flows are frequently available for abstraction (in contrast to summer and autumn flows). Further, recent global climate models predict increases in winter precipitation and runoff for the UK and north-eastern North America, but corresponding decreases in spring and summer (Arnell 1999; Marshall & Randhir 2008) . Therefore, withdrawing water in winter for storage where possible seems a logical starting strategy. However, understanding of the winter ecology of streams and rivers is very limited, and detailed research and monitoring studies would be required to increase the understanding of the structure and function of salmonid rivers and refine water management methods.
The value of coupling sound conceptual models with empirical information is well illustrated by the data from West Brook. In broad terms, the analysis shows that expectations of the population responses of S. salar from first ecological principals were upheld, but also identified seasonal variations that provide a sound basis for developing management approaches. A next challenge is to develop the modelling tools to extrapolate beyond specific example sites to other locations. West Brook, and similar sites, provides an ideal situation in which to apply process-based modelling and high level empirical structures, in which, for example, stream type and geological structure are explanatory variables for the overall production-flow curves. The use of Q 95 (or any particular flow percentile) as a general threshold value for management seems inappropriate because one would expect large among site variation in the relationship between Q 95 and the amount of habitat that is suitable for salmonids. For example, in contrast to West Brook, in large fast-flowing rivers, peak production would be expected well below Q 95 because only in very low flows would a large area of stream provide local water velocities sufficiently low to support juvenile S. salar and S. trutta. There is no evidence for a distinct threshold in effect of flow on salmonid populations at a distinct discharge level. Rather, it is likely that management of flow needs to accept that there is a progressive negative site-specific effect on fish populations of reducing water discharge across a broad range, and the cost of which must be offset against benefits of water use for other purposes.
